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ABSTRACT 
 
 
 
     In this study, a new Tubular Solar Still (TSS) made of cheap, lightweight and locally 
acquisitioned materials was successfully designed for practical use, particularly in the 
remote or coastal areas of underdeveloped and developing countries to produce distilled 
water from saline water using solar energy. The new TSS consists of a trough, a frame 
and a tubular cover. Since the cover material of our old TSS, a vinyl chloride sheet, was 
a little heavy and cannot form into a desirable size easily, a polythene film was 
alternated as a new material for the cover of the new TSS. Consequently, the weight and 
cost of the new TSS were reduced by about 61% and 92% of the old one, respectively. 
The fabrication cost of a new TSS was only about 250 yen. These improvements also 
can help to assemble and repair of the new TSS easily and enables much more realistic 
use of the new TSS.  
     The present study is concerned with the design of the new TSS as well as 
development of the theoretical models for evaporation from the water surface and for 
condensation on the inner surface of the tubular cover inside the TSS. As a result, two 
unique and independent theoretical models were developed and formulized. One is 
based on evaporation theory using the evaporative mass transfer coefficient, hew, and 
another is based on condensation theory using the condensative mass transfer coefficient, 
hcdha. The theoretical derivations of hew and hcdha are significant to enhance the 
applicability of the design of TSS, because these two coefficients were obtained 
empirically (do not have theoretical backgrounds) in our previous study. The 
evaporation model due to natural convection was formulized by a dimensional analysis 
taking account of the properties of the humid air inside the TSS. The condensation 
model was based on a film-wise condensation theory that takes into account of the 
thermal resistance of the humid air as an unsaturated vapor-gas mixture.  
     Finally, a transient model to calculate the diurnal variation of the production rate was 
proposed using mass and energy balance equations incorporating the mass transfer 
coefficients (hew and hcdha) and the heat transfer coefficients (hcw, hcha, hrw, hcc, hrc,  htw 
and htha). The mass balance equations of the water in a trough and the water vapor in the 
humid air, and the energy balance equations of the water in the trough, trough, humid 
air and tubular cover were formulized, respectively. An explicit finite difference scheme 
was developed to predict the time variations of the water temperature, Tw, humid air 
temperature, Tha, and tubular cover temperature, Tc, vapor density of the humid air, 
evaporation and condensation fluxes under arbitrary weather conditions. 
iv                                                                                                                           ABSTRACT 
  
     A few sets of laboratory experiments were carried out at the University of Fukui, 
Japan to evaluate the production performance, the evaporation and condensation 
coefficients, the trough heat transfer coefficients and to find out the effect of water 
depths, hw, on the production performance of the TSS. It was revealed that the hourly 
evaporation, Meh, was linearly proportional to the trough width, B, and the value of 
exponent m was 1 in Meh=ηBm, regardless of the trough length, L, for 0.49≤L≤1.5m. The 
evaporation coefficient was proportional to the temperature difference between the 
water in the trough and the tubular cover. The condensation coefficient due to the 
thermal resistance between the humid air and the condensate liquid film was inversely 
proportional to the dry air pressure fraction. 
     To support the validity of the present transient model, field experiments were carried 
out in Fukui, Japan and in Muscat, Oman from June to July, 2008 in addition to the 
laboratory experiments. Two typical one-day data of July 5, 2008 (in Fukui, Japan) and 
July 13, 2008 (in Muscat, Oman) are presented. It was observed that the relative 
humidity of the humid air, RHha, was remarkably below 100%, i.e. definitely not 
saturated in the daytime but was almost 100% during the nights over the field 
experiments. The solar radiation is the most influential parameter on the productivity of 
TSS. It was established from both laboratory and field experimental results that hw is 
also one of the influential parameters which affect the productivity. 
     The output of the present transient model was compared with the field experimental 
data and proved that the model could precisely predict the diurnal profiles of Tw, Tha, Tc 
and RHha. Consequently, the present evaporation and condensation models were quite 
satisfactory to the calculation accuracy of the hourly production flux. Our previous 
evaporation and condensation models (using empirical hew and hcdha, respectively) 
slightly overestimated and underestimated the observed production flux, respectively. 
The conventional approach (Dunkle’s and Ueda’s models) developed for a basin-type 
solar still was not useful to predict the hourly production flux of a TSS. 
     Finally, it is concluded that the present evaporation and condensation models are the 
most reliable tool for predicting the daily production of a TSS. 
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NOMENCLATURE 
 
 
 
a  : temperature difference fraction  (-) 
A : area  (m2) 
Ac : tubular cover surface area   (m2) 
Aw : water surface area  (m2) 
Atha : contact surface area between trough and humid air (m2) 
Atw : contact surface area between trough and water (m2) 
al : albedo    (-) 
alc : albedo of cover    (-) 
alha : albedo of humid air    (-) 
alt : albedo of trough    (-) 
alw : albedo of water    (-) 
B : width of trough (m) 
C : specific heat capacity  (J/kg/K) 
Cc : specific heat capacity of cover  (J/kg/K) 
Cha : specific heat capacity of humid air  (J/kg/K) 
Cpa : specific heat capacity of air   (J/kg/K) 
Ct : specific heat capacity of trough  (J/kg/K) 
Cw : specific heat capacity of water  (J/kg/K) 
D : diameter of TSS (m) 
Dv : molecular diffusion coefficient of water vapor  (m2/s) 
ea : partial dry air pressure   (Pa) 
eo : total atmospheric pressure in humid air                     (101325 Pa) 
ev : vapor pressure  (Pa) 
evha : partial water vapor pressure in humid air  (Pa) 
evw : saturated water vapor pressure  (Pa) 
g : gravitational acceleration                                                                (9.807 m/s2) 
Gr : Grashof number   (-) 
hc : average heat transfer coefficient of liquid film  (W/m2/K) 
hcc : convective heat transfer coefficient between cover and atmosphere (W/m2/K) 
hcdha : condensative mass transfer coefficient from humid air to cover (m/s) 
hcha : convective heat transfer coefficient between humid air and cover  (W/m2/K) 
hcw : convective heat transfer coefficient between water surface and humid air  
    (W/m2/K) 
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hew : evaporative mass transfer coefficient from water surface to humid air(m/s)   
hfg : latent heat of vaporization   (J/kg) 
hl : local heat transfer coefficient of liquid film (W/m2/K) 
ho : overall heat transfer coefficient between humid and ambient air  (W/m2/K) 
hrc : radiative heat transfer coefficient between cover and atmosphere (W/m2/K) 
hrw : radiative heat transfer coefficient between water surface and cover (W/m2/K) 
htha : convective heat transfer coefficient between trough and humid air (W/m2/K) 
htw : convective heat transfer coefficient between trough and water  (W/m2/K) 
Km : dispersion coefficient of water vapor  (kg/m·s·Pa) 
Ko : diffusion coefficient of water vapor  (kg/m·s·Pa) 
L : length of trough  (m) 
Lc : length of tubular cover  (m) 
mc :  condensation flux   (kg/m2·s) 
mch :  hourly condensation flux   (kg/m2·hr) 
me : evaporation flux  (kg/m2·s) 
meh : hourly evaporation flux  (kg/m2·hr) 
mehci : calculated hourly evaporation/condensation flux  (kg/m2·hr) 
mL : hourly evaporation per unit length  (kg/m·hr) 
mp : production flux  (kg/m2·s) 
mph : hourly production flux  (kg/m2·hr) 
mphoi : observed hourly production flux  (kg/m2·hr) 
mx : local evaporation flux  (kg/m2·s) 
m&  : condensate mass flow per unit length (kg/m·s) 
Mc : condensation  (kg/s) 
Mch : hourly condensation  (kg/hr) 
Me : evaporation  (kg/s) 
Meh : hourly evaporation  (kg/hr) 
Nu :  Nusselt number     (-) 
Pr :  Prandtl number     (-) 
q&  : heat flow per unit length  (W/m)  
qs : substantial heat flux  (W/m2) 
sq&  : apparent heat flux  (W/m2) 
qcc :  convective heat flux between cover and atmosphere (W/m2) 
qcdha :  condensative heat flux from humid air to cover (W/m2) 
qcha :  convective heat flux between humid air and cover (W/m2) 
qcw :  convective heat flux between water surface and humid air (W/m2) 
qew :  evaporative heat flux from water surface to humid air  (W/m2) 
qrc :  radiative heat flux between cover and atmosphere (W/m2) 
qrw :  radiative heat flux between water surface and cover (W/m2) 
qtha :  convective heat flux between trough and humid air (W/m2) 
qtw :  convective heat flux between trough and water (W/m2) 
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Qcc :  convective heat transferred between cover and atmosphere (J/s) 
Qcdha :  condensative heat transferred from humid air to cover (J/s) 
Qcha :  convective heat transferred between humid air and cover (J/s) 
Qcw :  convective heat transferred between water surface and humid air (J/s) 
Qew :  evaporative heat transferred from water surface and humid air  (J/s) 
Qrc :  radiative heat transferred between cover to atmosphere (J/s) 
Qrw :  radiative heat transferred between water surface and cover (J/s) 
Qtha :  convective heat transferred between trough and humid air (J/s) 
Qtw :  convective heat transferred between trough and water (J/s) 
R :  radius of TSS  (m) 
Rd : specific gas constant of dry air                                                        (287.04 J/kg/K) 
Rg : universal gas constant                                                                    (8315 J/kmol/K) 
Rs : solar radiation flux  (W/m2) 
Rv : specific gas constant of water vapor                                                 (461.5 J/kg·K) 
RHa : relative humidity of ambient air  (%) 
RHha : relative humidity of humid air  (%) 
Ra :  Rayleigh number    (-) 
Re :  Reynold number    (-) 
s : wetted perimeter   (m) 
Sc : Schmidt number   (-) 
T : temperature    (K) 
Ta : air temperature    (K) 
Tc : cover temperature    (K) 
Tha : humid air temperature    (K) 
Tha' : surface temperature of liquid film  (K) 
Tsky : sky temperature    (K) 
Tw : water temperature    (K) 
T  : mean temperature of water and humid air   (K) 
va  : air velocity    (m/s) 
vθ : angular velocity   (m/s) 
V : volume         (m3) 
Vha : volume of humid air in TSS          (m3) 
Vw : volume of water in trough         (m3) 
Vt : volume of trough         (m3) 
x : transverse distance from the edge of trough   (m) 
α : evaporation coefficient    (-) 
αc : absorption coefficient of cover   (-) 
αha : absorption coefficient of humid air   (-) 
αt : absorption coefficient of trough   (-) 
αv : evaporativity    (-) 
αw : absorption coefficient of water   (-) 
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β : volumetric thermal expansion coefficient   (1/K) 
γ1 : temperature correction coefficient   (-) 
γ2 : area fraction     (-) 
γc : condensation coefficient    (-) 
δ : condensate film thickness    (m) 
δt : effective boundary layer thickness of vapor pressure  (m) 
∆T : temperature difference between water surface and cover  (K) 
ε : emissivity   (-) 
θ : azimuthal angle    (radians) 
λ :  thermal conductivity   (W/m·K) 
λa :  thermal conductivity of ambient air (W/m·K) 
λl :  thermal conductivity of saturated liquid (W/m·K) 
µa :  dynamic viscosity of ambient air  (kg/m⋅s) 
µl : dynamic viscosity of saturated liquid (kg/m·s)  
ν : kinematic viscosity   (m2/s) 
ρ : density or density of humid air   (kg/m3) 
ρa : density of ambient air   (kg/m3) 
ρd : density of dry air   (kg/m3) 
ρl : density of saturated liquid   (kg/m3) 
ρs : density of humid air on water surface   (kg/m3) 
ρv : water vapor density    (kg/m3) 
ρvc : density of saturated water vapor on tubular cover inner surface at Tc  (kg/m3) 
ρvha : density of water vapor in humid air at Tha  (kg/m3) 
ρvw : density of saturated water vapor on water surface at Tw  (kg/m3) 
σ : root mean squared deviation   (kg/m2·hr) 
σc : Stefan-Boltzman constant                            (5.67×10-8 W/m2/K4) 
τiθ : interfacial shear stress at interface in θ direction  (Pa) 
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CHAPTER 1 
 
INTRODUCTION  
 
 
 
  
1.1  INTRODUCTION 
 
     Many people have been suffering from the shortage of drinking or cooking water in 
remote and coastal areas in Bangladesh (Fig. 1.1), India, Kenya, Ethiopia, Peru, Nigeria 
(Fig. 1.2 [1]) and many other countries. According to the United Nations (2006), about 
1.1 billion people cannot have easy access to safe drinking water [2]. In Bangladesh, the 
rise of seawater level associated with global warming has caused seawater intrusion 
towards inland in coastal area [3]. As a result, many people have had to give up drinking 
water from a well or a pond due to the high salt concentration. However, some people 
cannot but risk use of saline water for their life and frequently have diarrhea and cholera 
due to drinking of poor quality/infected water. Consequently, hospitalization or going to 
hospital is most common in this area. The United Nations (2006) acknowledged that 
about 3900 children per day die of diarrhea alone in underdeveloped countries [2]. 
Water desalination using brackish or saline water will be an urgent and inevitable 
technique to meet fresh water demand in underdeveloped and developing countries.  
 
   
 
Fig. 1.1 Drinking water collection by women 
in Bangladesh (2008) 
Fig. 1.2 Thirsty people try to get water from 
a nearly dried-up well in Nigeria (2007)[1] 
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     Many remote and coastal areas of underdeveloped and developing countries don’t 
have an enough resource of electric power for producing distilled water using any 
conventional water desalination techniques; namely multi-effect distillation, multi-stage 
flash, reverse osmosis and vapor compression. The initial installment cost of these 
techniques is very expensive too. In addition, a water distribution system is not 
available in these regions, and the road network and transportation system are 
insufficient to carry/transport water in large volume regularly. From the above reasons, 
solar distillation is most suitable and required immediately in these regions. 
     The advantage of the solar distillation is in simple operation, use of solar energy that 
is environmentally friendly and zero emission of carbon dioxide, and cheap installment 
and operation cost. Although solar distillation has low productivity, it could be one of 
the viable options in the future to provide drinking and cooking water for families or 
small societies in remote and coastal areas. A basin-type solar still is the most common 
among the conventional solar stills. The main drawbacks of this type of still are its rapid 
removal of accumulated salt in the basin and rapid repairs of the still. When water 
supply is cut off due to natural disasters (tsunamis, tornados, hurricanes, earthquakes, 
landslides, etc.) or unexpected accidents, a lightweight compact still, which is made of 
cheap and locally acquisitioned materials, would be reasonable and practical.     
     A new Tubular Solar Still (TSS) was, therefore, designed to meet these requirements 
and to improve some of the limitations of the basin-type still (see Fig. 1.3). The new 
TSS consists of a trough, a frame and a tubular cover. The cover material, a vinyl 
chloride sheet, of our old TSS designed by our research group [Fukuhara et al. [4]] was 
a little heavy and cannot form into a desirable size easily. Due to these reasons, a 
polythene film was adopted as a new material for the cover of the new TSS. 
Consequently, the weight and cost of the new TSS were reduced by about 61% and 92% 
of the old one, respectively. These improvements also can help to assemble the new 
TSS easily. 
Solar energy
Saline
water
Trough
Transparent
tubular cover
Condensation
Distilled water
 (Production)
Evaporation
Collector
Humid
air
 
 
Fig. 1.3 Schematic diagram of Tubular Solar Still (TSS) 
 
     Many researchers [Chaibi [5], Clark [6], Cooper [7], Dunkle [8], Hongfei et al. [9], 
Malik et al. [10], and Shawaqfeh and Farid [11]] have focused their research on 
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conventional basin-type stills rather than other types such as tubular still. Most of the 
heat and mass transfer models of the solar still have been described using temperature 
and vapor pressure on the water surface and still cover without noting the presence of 
intermediate medium, i.e. humid air. Dunkle [8] first proposed theoretical relations for 
convective heat transfer coefficient, hcw, and for evaporative heat flux, qew, given by Eqs. 
(1.1) and (1.2), respectively. 
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where, heff is the evaporative heat transfer coefficient, evw and evc are the partial pressure 
of water vapors (N/m2) at water temperature, Tw, and cover temperature, Tc, respectively. 
Kumar and Anand [12], Tiwari and Kumar [13] used these correlations (Eqs. (1.1) and 
(1.2)) for analysis the performance of a multiwick tubular solar still and a tubular solar 
still, respectively. 
     Ahsan and Fukuhara [14], Islam et al. [15] and Nagai et al. [16], however, found that 
the relative humidity of the humid air is definitely not saturated in the daytime for both 
basin-type still and TSS from the field experiments conducted in the United Arab 
Emirates (UAE), Oman and Japan.  
     Islam and Fukuhara [17] proposed two empirical equations for a TSS; one for 
evaporative mass transfer coefficient, hew, and another for condensative mass transfer 
coefficient, hcdha, given by Eqs. (1.3) and (1.4), respectively. Since Eqs. (1.3) and (1.4) 
do not have theoretical backgrounds; it is still not known whether these two equations 
can be used, when the trough size (width or length) is changed. 
 
)(1050.61086.5 53 cwew TTh −×+×= −−            (1.3) 
 
)(1097.11055.1 53 cwcdha TTh −×+×= −−            (1.4) 
 
     The present study was concerned with the design of new TSS and development of 
theoretical models based on evaporation from the water surface and based on 
condensation on the inner surface of the tubular cover. As a result, two unique and 
independent theoretical models; evaporation and condensation models were proposed 
taking account of the properties of the humid air by giving theoretical expressions of hew 
and hcdha, respectively. A few evaporation and condensation coefficients were 
formulated using laboratory experimental data. 
     Finally, a transient model was developed to calculate the production flux by solving 
the heat and mass balance equations including hew and hcdha, and then the validity of the 
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8.1 SUMMARY 
 
     In this study, a new Tubular Solar Still (TSS) was designed using cheap and locally 
acquisitioned lightweight materials for practical use, particularly in the remote or 
coastal areas of underdeveloped and developing countries. The new TSS consists of a 
trough, a frame and a tubular cover. Since the cover material of our old TSS, a vinyl 
chloride sheet, was a little heavy and cannot form into a desirable size easily, a 
polythene film was alternated as a new material for the cover of the new TSS. 
Consequently, the weight and cost of the new TSS were reduced by about 61% and 92% 
of the old one, respectively. These improvements also helped to assemble the new TSS 
easily. 
     The present study is not only concerned with the design of the new TSS but also 
development of the theoretical models for evaporation from the water surface and for 
condensation on the inner surface of the tubular cover inside a TSS. As a result, two 
unique and independent theoretical models were developed and formulized taking 
account of the properties of humid air; one based on evaporation theory and another 
based on condensation theory by using the evaporative mass transfer coefficient, hew, 
and condensative mass transfer coefficient, hcdha, respectively. The theoretical 
derivations of hew and hcdha are significant to enhance the applicability of the design of 
TSS, because these two coefficients were obtained empirically (do not have theoretical 
backgrounds) in our previous study.  
     Finally, a transient model was proposed to calculate the profiles of temperatures and 
relative humidity, and production flux and then verify the validity of the transient model. 
     The present transient model consists of the mass balance equations of the water in a 
trough and the water vapor in the humid air, and the energy balance equations of the 
water in the trough, trough, humid air and tubular cover. The reduction in the volume 
CHAPTER 8:  SUMMARY, CONCLUSIONS AND RECOMMENDATIONS                                                 75 
and surface area of the water in the trough associated with the evaporation from the 
water surface was taken account in the theories. An explicit finite difference scheme 
was developed to predict the time variations of the water temperature, Tw, humid air 
temperature, Tha, and tubular cover temperature, Tc, vapor density of the humid air, 
evaporation and condensation fluxes under arbitrary weather conditions. 
     A set of laboratory evaporation experiment was carried out to investigate the 
relationship between the hourly evaporation, Meh, and the trough width, B, or the trough 
length, L. In addition, the production experiment was executed under fifteen sets of 
external conditions to find the properties of evaporation coefficient, α, temperature 
difference fraction, a, and condensation coefficient, γc. The same experiment was 
conducted by changing the water depth, hw, in the trough to find out the effect of hw on 
the production performance. Besides, the trough heat transfer experiments were 
performed to evaluate the trough-water and trough-humid air heat transfer coefficients, 
htw and htha, respectively.  
     To support the validity of the present transient model, field experiments were carried 
out in Fukui, Japan and Muscat, Oman from June to July in 2008. In addition, a 
production experiment was also executed by changing hw from July 14 to 16, 2008 in 
Muscat, Oman. Two typical one-day data, of July 5, 2008 (in Fukui, Japan) and of July 
13, 2008 (in Muscat, Oman) are presented in this study to verify the validity of the 
transient model.  
 
 
8.2 CONCLUSIONS 
 
     The main conclusions drawn from the present study are as follows: 
 
i) The new TSS made of cheap, lightweight and locally acquisitioned materials 
was successful for practical use, particularly in the remote or coastal areas of 
underdeveloped and developing countries. 
ii) The fabrication cost of a new TSS was only about 250 yen. The weight and 
cost of the new TSS were reduced by about 61% and 92% of the old one, 
respectively. As a result, the assembly and repair of the new TSS became 
easier and enabled much more realistic use of the new TSS.  
iii) An evaporation model of a TSS was formulized with theoretical expression 
of hew by dimensional analysis. 
iv) A condensation model of a TSS was developed with theoretical expression 
of hcdha based on a film-wise condensation theory and could show the 
reliability of the condensation model. 
v) Finally, a transient model was proposed using heat and mass balance 
equations incorporating the mass transfer coefficients (hew and hcdha) and the 
heat transfer coefficients (hcw, hcha, hrw, hcc, hrc, htw and htha). 
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vi) The hourly evaporation, Meh, was linearly proportional to the trough width, B, 
and the value of exponent m was 1 in Meh=ηBm, regardless of the trough 
length, L, for 0.49≤L≤1.5m.  
vii) The evaporation coefficient, α, was proportional to the temperature 
difference between the water surface and the tubular cover, Tw−Tc. 
viii) The condensation coefficient, γc, due to the thermal resistance between the 
humid air and the condensate liquid film was inversely proportional to the 
dry air pressure fraction, ea /eo (=partial dry air pressure/total atmospheric 
pressure).  
ix) The relative humidity of the humid air, RHha, was remarkably below 100%, 
i.e. definitely not saturated in the daytime but was almost 100% during the 
nights over the field experiments.  
x) The solar radiation is the most influential parameter on the productivity of 
TSS.  
xi) The water depth, hw, is also one of the influential parameters which affect the 
productivity of TSS.  
xii) The water temperature, Tw, rose most quickly for hw=1cm, which leaded to 
the commencement of the production earlier than for hw=3 and 5cm, 
respectively. 
xiii) The present transient model could precisely predict the diurnal profiles of Tw, 
Tha, Tc and RHha. 
xiv) Our previous evaporation and condensation models (using empirical hew and 
hcdha, respectively) slightly overestimated and underestimated the observed 
production flux, respectively.  
xv) The conventional approach (Dunkle’s and Ueda’s models) developed for a 
basin-type solar still was not useful to predict the hourly production flux of a 
TSS. 
xvi) Finally, it is concluded that the present evaporation and condensation models 
are the most reliable tool for predicting the daily production of a TSS. 
 
 
8.3 RECOMMENDATIONS  
 
     Some recommendations for further research are outlined as follows: 
 
i) In this study, a new TSS (made of cheap, lightweight and locally 
acquisitioned materials) was successfully designed for practical use, 
particularly in remote and coastal areas. However, for Oman, a high 
efficiency TSS could be proposed to produce fresh water in large scale 
(commercial basis) from oilfield-produced water. 
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ii) A hybrid TSS coupled with a solar collector panel and a hot water storage 
tank could be designed to enhance the production performance. The 
theoretical analysis of such hybrid design requires the evaluation of the heat 
and mass transfer coefficients under such high water temperature. 
iii) A theoretical model could be developed to predict distilled water 
productivity for different initial water depths and for different salt 
concentrations of saline water in a trough. 
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